We demonstrate an approach for the complete characterization of temporally identical ultrashort pulses at the focal point in a pump-probe experiment for potential use of pump-probe data deconvolution. Our approach uses three envelope measurements, autocorrelation, fundamental, and second harmonic spectra, combined with an error minimization pulse retrieval scheme. depth by time of flight, 4 etc. Sometimes, short dynamics comparable to the probe pulse width are encountered. For such data, it is desirable to know the exact shape of the pulses at the sample site so that an accurate dynamical response can be obtained through data deconvolution.
Ultrashort pump-probe experiments 1 are commonly used to study various dynamics, such as molecular reorientation time constants, 2 wave-packet evolution, 3 quasiparticle dynamics in semiconductor and correlated electron materials, 3 depth by time of flight, 4 etc. Sometimes, short dynamics comparable to the probe pulse width are encountered. For such data, it is desirable to know the exact shape of the pulses at the sample site so that an accurate dynamical response can be obtained through data deconvolution. 5 Most deconvolutions reported in the literature use only an estimate of the ultrashort laser pulse intensity at the sample, as derived from a conventional autocorrelation trace, which is known to yield incorrect results. 6 Complete pulse characterization at the focal spot is necessary in such cases. Several methods exist for amplitude and phase characterization of ultrashort laser pulses. [7] [8] [9] However, only a few of these schemes can be easily adapted to the characterization at the sample site. For example, a second harmonic generation frequency resolved optical gating 7 ͑SHG-FROG͒ can be performed by replacing the sample with a second harmonic crystal and collecting the FROG trace in a spectrometer as the relative delay between the pump and probe is varied. Another technique that can be implemented in the pumpprobe geometry is "phase and intensity correlation and spectrum only." 9 Spectral phase interferometry for direct electricfield reconstruction ͑SPIDER͒, 8 another widely used technique, is not easy to implement because it requires an additional chirped pulse. Most pump-probe measurements are done in a focusing geometry with noncollinear beams. This makes several other techniques including SPIDER even harder to implement.
In this article, we demonstrate a complete pulse characterization approach that is simple to implement without requiring any further modification to an existing degenerate pump-probe setup. The results from our approach have the potential for pump-probe data deconvolution. The approach is based on measuring an autocorrelation ͑pump and probe are identical in time͒ and the spectra correspond to the fundamental and second harmonic of the pump. Since this method involves less data collection, it is faster and easier to implement. Using the three measured envelopes, we reconstruct the pulse amplitude and phase with the help of a lineminimization-based error reduction method.
In 1989, Naganuma et al. 10 proved that the electric field E͑͒ is uniquely determined by the magnitudes of three different spectral envelopes, namely, the magnitudes of the intensity spectrum ͉Ĩ͑⍀͉͒, the second harmonic spectrum ͉Ẽ 2 ͑⍀͉͒, and the fundamental field spectrum ͉Ẽ ͑⍀͉͒. Here, ⍀ is the frequency with respect to the carrier frequency of the corresponding field. In general, all the three envelopes can be obtained using first and second order interferometric autocorrelations, as were done in experiments before. [10] [11] [12] However, interferometric autocorrelations are not possible in the case of a typical noncollinear pump-probe experiment. Here, we demonstrate an approach where the three envelopes mentioned above are directly measured. The fundamental field spectrum is easily measured by directly placing a spectrometer slit close to the focal point. The second harmonic spectrum can also be measured similarly by including a SHG crystal at the focus. The intensity spectrum can be obtained using a background free intensity autocorrelation. The Fourier transform of the autocorrelation is proportional to the magnitude squared of the intensity spectrum. For the first time, we demonstrate complete characterization of an ultrashort pulse using three such separate measurements. For the reconstruction, we use an algorithm that we recently developed. 12 A common criticism against one-dimensional scheme is that they are not suitable to distinguish pulses that have similar autocorrelation and spectrum. 6 Recently, we showed that it is possible to distinguish such pulses when the signal to noise of measurements is sufficiently high. 13 Our experimental measurements have good signal to noise ratio ͑Ͼ200͒.
Our experimental arrangement consists of pump and probe pulses derived from a Ti:sapphire oscillator producing pulses that support a spectral bandwidth of approximately 40 at 800 nm. The pulses first go through a prism-based chirp precompensation unit to compensate for the dispersion in the optics. The prechirped pulses split into two, one weak and one strong, and they go through optics of similar glass thickness, which are used for pulse modulation, polarization control, and beam attenuation. The pulses are perpendicularly polarized and noncollinearly focused at the sample site with different focal length lenses ͑100 and 175 mm͒ which have nearly the same thickness. The angle between the pump and probe is approximately 18°. The pulses at the focus can be considered to be nearly identical in their temporal shapes. Our approach for measuring the three envelopes of interest is shown in Fig. 1 . The linear spectrum is directly measured with an ocean-optics spectrometer with a resolution of 0.38 nm ͓Fig. 1͑b͔͒. A 30 m thick, type-I, beta barium borate ͑BBO͒ crystal is used to measure the second harmonic spectrum with the same spectrometer ͓Fig. 1͑c͔͒. The BBO crystal is placed normal to the incoming beam during the measurement. In order to obtain the intensity spectrum, we measure the intensity autocorrelation with copolarized pulses ͓Fig. 1͑d͔͒, obtained by simply rotating the halfwave plate in the probe line. The BBO crystal is placed in such a way that the normal bisects the two incoming beams. The background free autocorrelation is obtained by scanning the probe pulse in time.
The experimental data are shown in Fig. 2 With a guess for this unknown phase g ͑⍀͒, we can calculate a guess field E g ͑͒. Using the guess field, intensity Ĩ͑⍀͒ and second harmonic spectra E 2 ͑⍀͒ are determined. The phase g ͑⍀͒ is iteratively updated using a line-minimization scheme until the error ⌬ between the measured and adapted spectral magnitudes is minimized. Our error metric is defined as
A good starting guess for g is to use a Taylor expanded phase that minimizes ⌬. With this starting guess, an arbitrary unknown phase can be determined iteratively. The results of reconstruction are shown in Figs. 2 and 3 . The adapted phase for the spectrum is shown in Fig. 3͑a͒ . Using the adapted phase and measured spectrum, the temporal intensity and phase are determined ͓Fig. 3͑b͔͒. From this retrieved field, the second harmonic spectrum and autocorrelation are calculated and are shown as diamonds in Fig. 2 . There is good agreement between the measured and calculated profiles in Fig. 2 . The final error ⌬ is 0.000 71 after 270 iterations using a Powell line-minimization technique. 14 The reconstructed spectral phase in Fig. 3͑a͒ is asymmetric about the center frequency, implying that the pulse has a contribution from third order dispersion also. Until this point, the only ambiguity is time direction or sign of spectral phase. We determine that the dispersion is positive by placing a glass with known dispersion in one of the arms and noting that the autocorrelation width increased, thus resolving the time direction. We fit a polynomial ͑shown as thin solid line͒ to the frequency phase and find that the second and third order dispersions are +418 ͑Ref. 2͒ and +887 fs, 3 respectively. From the determined pulse shape, one can deconvolve pump-probe data 5 to reveal the dynamics at the time scales of pump pulse width.
In principle, the three envelope technique can also reconstruct complicated pulse shapes. Figure 4͑a͒ shows numerically generated complex pulse ͑solid lines͒ and reconstructed ͑symbols͒ pulse shape using the three envelope method. Figure 4͑b͒ shows the reconstruction results when the three envelopes have Ϸ12% intensity noise ͑single sided normal distribution͒ and 2.5% random frequency calibration noise. This reconstruction resembles the original. Although this example illustrates that complicated pulses can also be reconstructed in the presence of noise, ambiguous reconstructions arising due to noise are not entirely ruled out.
FIG. 1. ͑Color online͒ Schematic of a pulse characterization scheme at the sample site in a pump-probe experiment. ͑a͒ Typical pump-probe setup, ͑b͒ measurement of fundamental spectrum, ͑c͒ second harmonic spectral measurement, and ͑d͒ intensity autocorrelation.
FIG. 2. ͑Color online͒ Measured experimental data ͑solid lines͒ used for retrieval of the pulse shape. Symbols are calculated using the retrieved electric field. ͑a͒ Fundamental spectral intensity, ͑b͒ second harmonic spectral intensity, ͑c͒ intensity autocorrelation, and ͑d͒ Fourier transform of intensity autocorrelation. 
